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Abstract 
Discrete element model (DEM) is implemented for the numerical simulation of direct shear test on the elliptical-shaped particle 
assemblies. The effect of initial elongation of particles on the macro-micromechanical behavior is investigated Particles in the 
assemblies were generated under three initial orientations: random, perpendicular and parallel to the shear direction. Assemblies, 
also consist of approximately 1000 particles. The results indicate that initial particles orientation has significant influences on the 
response of assemblies undergone shear deformation.  Evolution of fabric anisotropy, contact normal force, contact shear force 
and their directions during shear deformation are noticeable. For specimen with vertically oriented particles, the coordination 
number is smaller than the two others, but it shows the highest shear strength. This happens because the magnitude of 
anisotropies in assembly with vertical bedding angle is greater than the two others. From the macro stand point, the results 
indicate that the initial orientation of particles has noteworthy effect on the volumetric strain and shear resistance of assemblies 
during shear deformation. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1. Introduction 
Discrete element method is one of the most popular methods to investigate the behavior of discrete materials. 
BALL computer program was the first program that modeled the granular material including circular disk, and was 
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written based on DEM[1].Simulation of circular disks is useful for confirming the theoretical outcomes of 
discontinue media and suggests guidance for the development and better understanding of constitutive models. One 
of the main aim of simulations based on DEM is to finding out the links between micromechanical features and 
macro-scale behavior [2]. Generally, for reducing the time of calculation, discrete models use disk or sphere 
particles. These models do not involve the influence of particle shape on the mechanical behavior. Furthermore, 
models by disk or sphere particles have excessive freedom to rotate compared with real soil. Therefore, these 
assemblies show strength characteristics that make them different from the real materials. 
Various researchers have tried to modify these discrepancies by using non-circular particles, e.g. elliptical-shaped 
particles[2], polygon-shaped particles [3, 4]and cluster-shaped particles [5]. Elliptical-shaped particles are suitable 
from micromechanics points of view. They bring in two additional parameters compared with disk-shaped particles 
(i.e. particle aspect ratio or eccentricity and particle orientation). 
Our current analysis points out the behavior of granular system in the direct shear box under different initial 
ellipse orientations. Modified ELLIPSE program (Rothenburg & Bathurst[6]) was used to investigate the effect of 
different inherently anisotropy on the microscopic features of elliptical shaped assemblies. 
2. Theoretical Background 
One of the most important parts of the micromechanical behavior of granular assembly is the contact evaluation 
between grains. Distribution of contact forces between the particles is also very important in an assembly. Many 
researchers attempted to obtain parameters affecting the distribution of contact and to find a relation between 
imposed external forces and anisotropy changes in granular assembly. The average stress tensor which is acting in 
granular assembly can be computed according to[7]: 
 σij=
1
V
෍ fikljk
Nc
k=1
i,j=1,2,3 (1) 
where the term V represents the volume of the system and it is equal to area of assembly in two-dimensional 
simulation. Term of ୧୩is the ith component of contact force at the kth contact point between the two particles; ୨୩ is 
the kth component of the branch vector connecting the center of two particles which contact at the kth contact point 
and ୡis the total number of contacts in the assembly. 
The average contact force at contact points decomposed into average normal force and average shear force 
components[8]: 
  fiሺθሻ=fnሺθሻni+fsሺθሻti (2) 
In equation (2),  ൌ ሺ Ʌ ǡ  Ʌሻ is the unit contact normal vector and  ൌ ሺെ Ʌ ǡ  Ʌሻ is unit vector 
perpendicular to n.  Satake[9] introduced a distribution of contacts for a granular system by a three dimensional 
symmetric second-order fabric tensor. Components of the tensor can be computed on the basis of discrete data as 
follows: 
Fij=
1
V
෍ ninj
cאV
 (3) 
 
In addition, distribution for an equivalent expression in infinite assemblies approximated introduced by [8]as 
follows: 
Fij=mv න Eሺθሻninjdθi,j=1,2,3 
V
 (4) 
 
Term ሺɅሻrepresents the contact normal distribution in an assembly. Bathurst and Rothenburg[8] for contact 
normal force and contact shear force introduced similar distributions to describe the anisotropy of contact force 
components in a granular assembly. These anisotropies can be obtained either in a discrete way calculating contact 
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normal, contact normal force and contact shear force data for the all particles, or replaced by certain distributions by 
computing the density distribution functionsሺɅሻ, ୬ሺɅሻ and ୱሺɅሻfor contact normal, contact force components. 
Fourier expression series expression for density distribution functions proposed by [7] as follows: 
Eሺθሻ= 1
2π ሼ1+a cos 2ሺθ-θaሻሽ (5) 
fnሺθሻ=f0ሼ1+an cos 2(θ-θn)ሽ (6) 
fsሺθሻ=f0ሼas sin 2(θ-θs)ሽ (7) 
where ଴  is the average normal force in assembly. Coefficients  , ୬  and ୱ  are invariant quantities describing 
second-order anisotropy in the distributions of contact normal, contact normal force and contact shear force. 
TermsɅୟ , Ʌ୬  and Ʌୱ represent principal directions of these anisotropies and are the Eigen vectors of tensor of 
anisotropies. The terms , ୬ and ୱ are deviatoric invariant quantities of the contact normal, contact normal force 
and contact shear force tensors.  
3. Construction of Samples 
In this research, the ELLIPSE program was modified in order to model the direct shear test. For this purpose, the 
shape of boundary was changed from circular to rectangular, by employing six elliptical particles with great radius 
and high eccentricity. The aspect ratio of simulated shear box was determined according to ASTM-D3080 similar to 
experimental test. Each assembly was composed of 996 two-dimensional elliptical particles, all randomly placed 
within the area between six boundary particles. It should be mentioned that in these assemblies, the effect of gravity 
was not considered. The effect of eccentricity on the macro and micromechanical behavior of granular media is 
significant and its influence was investigated by pervious work of authors[10, 11]. For studying only the effect of 
inherent anisotropy, the eccentricity of particles was imposed to be identical and it was selected equal to 0.15.  
The numerical simulations were carried out in four stages (Fig. 1). In the first stage, the generated loose assembly 
was compacted to obtain a dense sample by setting the friction ratio equal to zero. In this stage, a constant 
compression strain was applied to all boundary particles and the particles orientation was kept unchanged.  
 
  
  
Fig.1. Different specimen,(a) horizontally oriented, (b) Vertically oriented, (c) Random, (d) Random specimen after 10% shearing deformation 
In the second stage, relaxation was applied to compacted assembly in order to obtain a balanced state in the 
assembly. Similar to the first stage, friction ratio was set to zero but the particles orientation was free to rotate. 
Vertical stress equal to 1 Kg/cm2 was applied to the assembly in the next stage. Horizontal boundary particle at the 
top of the specimen can move up and down freely. In addition, the horizontal boundary at the bottom and vertical 
d
b a
c 
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boundaries around the specimen were fixed. This stage continued until reaching to a balance between vertical stress 
in assembly and the predefined vertical stress. 
Finally, the assembly was sheared in the direct shear box model under constant vertical stress. Horizontal strain 
was employed with a constant rate by laterally movement of the upper half to the left side. Consequently, the shear 
stress across the horizontal plane between both upper and lower boundaries was applied to assembly. In the two last 
stages, friction coefficient was set to 0.5 and the orientation of particles was able to be changed based on the contact 
forces and their momentums.  
In all stages, the average stress tensor was computed using the equation (1).The values of inter-particle spring 
constants, particle density, damping coefficients and friction coefficient was selected according to [12]. It is 
necessary to explain that the macro and micromechanical response of granular assembly, in both geotechnical 
laboratory tests and their simulations are extremely depends on the porosity of the assembly. Therefore, the packing 
fraction, which is the ratio of particles area divided to assembly area, was constant and it was selected equal to 0.8 
for all specimens.  
4. Results and Discussion 
4.1. Macro Behavior 
Fig.2 shows the vertical strain, shear stress and the variation of principal stress angle versus horizontal strain. 
Letter R stands for the randomly generated assembly, letter V represents the assembly with vertically oriented 
particles (perpendicular to shear direction) and letter H is the abbreviation for horizontally elongated particles 
(parallel to shear direction). 
 
 
a. Vertical strain changes 
  
b.  Shear stress changes c.  Major principal stress angle with the vertical axis 
 
Fig.2.Macro behavior of samples with different bedding angles during shear deformation 
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Fig.2.points out that the assembly with horizontally oriented particles (Parallel to shear direction) shows less 
volumetric strain during shear deformation. In other words, the assembly, in which the shear deformation is coaxial 
with the bedding angle of particles, shows less dilation, especially at the final stage of shearing. This is similar to 
what resulted by Seyedi Hosseininia[13] who showed that a particle with horizontal major direction under a couple 
of forces is steady against rotation, while for a similar particle with vertical bedding angle, there is high tendency to 
rotate because of the torque that initiated from contact forces which acted by surrounding particles. As a result, the 
particles with bedding angle parallel to horizontal strain create less resistance (Fig.2.b) and volumetric strain (Fig. 
2.b). At the beginning of simulation and in strains less than 2%, all samples have similar volumetric strain. It can be 
seen that the volumetric strain changes in vertically and randomly particle assemblies are almost similar during 
shear deformation. Fig.2.a also shows that at the end of simulations, volumetric strain rate is approximately zero for 
all three samples which indicates that no more dilatation produces at large shear strain. This is in agreement with the 
results of three-dimensional direct shear test was simulated by cluster shape particles with three initial bedding 
angles [5]. For biaxial test with polygon-shape particles, Seyedi Hosseininia[14] showed that by increasing the 
bedding angle (the angle with major stress), the rotation of particles will be increased and assembly with high degree 
of particles rotation shows less shear strength because the particles could not resist against applied forces, therefore 
they rotate easily. 
Fig.2.c demonstrates the variation of major principal stress angle with the vertical axis as a function of horizontal 
strain. By continuing shearing, principal stress direction with vertical axis starts to decrease until oscillate around 
45°. 
4.2. Micromechanical Behavior 
By studying Fig.3, it is obvious that contact normal anisotropy increases and reaches its maximum value for 
random and perpendicular assemblies. After the peak state, it begins to dwindle. Fig.3 shows that for assembly with 
horizontally oriented particles (parallel), the maximum value of contact normal anisotropy belongs to the beginning 
of shearing stage. The significantly reduction of this anisotropy is obvious when the horizontal strain begins. By 
studying Fig.3, it is plain that the contact normal anisotropy for perpendicular assembly is greater than the two 
others. Fig. 4 demonstrates that the orientation and evolution of contact normal anisotropy depends on the initial 
direction of particles in the assemblies. The orientation of contact normal anisotropy for assembly with vertically 
oriented particles (perpendicular) is close to horizontal axes and for parallel assembly is close to vertical axes. This 
indicate that the orientation of contact normal anisotropy totally depend on the initial bedding angle.  
  
Fig.3. Magnitude of contact normal anisotropy Fig.4. Evolution of contact normal orientation 
From Fig.5, it can be seen that contact normal force anisotropy increases significantly as the horizontal strain 
begins and reaches its maximum value at the peak state for random and perpendicular assemblies. After the peak 
state, it begins to scale down. For parallel assembly, as shown in Fig5, by increasing the horizontal strain, the 
contact normal force anisotropy declines. Fig. 5 demonstrates that the contact normal force anisotropy for 
perpendicular assembly is greater than the two others. 
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Fig.5. Magnitude of contact normal force anisotropy Fig.6. Evolution of contact normal force orientation 
As illustrated in Fig. 6, contact normal force orientation after applying shear to assembly, decreases rapidly and 
reaches its minimum value with horizontal axes. The trends of contact normal force orientation are the same for all 
assemblies. By increasing the horizontal strain, this orientation rotates rapidly. This figure also shows that the 
rotation of contact normal force orientation in parallel assembly is faster than perpendicular and random assemblies. 
Fig.7 and Fig.8 show the magnitude of contact shear force anisotropy and its orientation changes during shearing. 
At the beginning of fourth stage, the amount of contact shear force anisotropy is at its maximum value. In stage 
three, the particle friction ratio was not zero. Thus by employing vertical stress to the assembly, contact shear force 
between few particles develops. When the shearing starts, it gradually decreases and reaches its minimum value at 
higher strain. At the higher strains, the fluctuation of contact shear force anisotropy is decreased. The amount of 
contact shear force anisotropy is almost the same for all assemblies regardless of their initial bedding angle, but it 
has distinct influence on the orientation of this anisotropy. Fig.7 illustrates the evolution of principal direction of 
contact shear force anisotropy in different assemblies during shearing stage.  
  
Fig.7. Magnitude of contact shear force anisotropy Fig.8. Evolution of contact shear force orientation 
From the macro stand point, the assembly with vertical bedding angle has maximum strength. It also, has the 
maximum contact normal and contact normal force anisotropies. This means that the contacts which are not in the 
direction of applied loads disintegrate and the new contact chains create easily in the direction of external loads in 
order to carry out the contact forces between particles and inherently anisotropy (particles perpendicular to shear 
axis) facilitates the generation of the contact networks with strong contact normal forces. 
Fig.9 shows the evolution of coordination number for three samples with identical density. The coordination 
number is defined as the average number of load-bearing contacts per particles in an assembly [6]. The amount of 
coordination number for all tests is the same at the initial stage. By increasing the horizontal strain, it decreases and 
at high horizontal strains, finds an approximately constant value. In this Figure, horizontally oriented assembly 
shows higher inter-granular contacts during shear deformation and vertically oriented assembly has the lowest 
coordination number. 
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Oda[15] emphasized that there are links between granular assembly strength and the number of inter-particle 
contacts. Rothenburg and Bathurst [6] showed that when the sample preserves volume, the average coordination 
number of the assembly remains essentially constant. They also, demonstrated that for dense assembly, coordination 
numbers of tested samples decreased during subsequent shear deformations. Fig. 9 shows that all samples lost the 
same amount of contacts at the beginning of shear deformation. Comparing Fig. 2.a and Fig. 9, it can be deduced 
that increasing the volumetric strain will led to reduction of coordination number. The rate of contact lost for 
vertical oriented particles is faster than randomly oriented particles while both show the same volumetric strain. This 
means that the randomly oriented particles rotate more easily in comparison to vertical oriented particles. Therefore, 
they could create new contacts or keep their current contacts. On the other hand, the vertically oriented particles 
could not rotate based on their momentum easily because of inherent anisotropy. Therefore, they lost their contacts 
faster than two others. This resistance is the main reason of higher strength for assembly with vertical bedding angle. 
Even though it has lower amount of contacts but, it shows high degree of anisotropies during of shear deformation. 
Comparing Fig. 9 with Fig.2.b, it is clear that vertically oriented sample shows higher strength, where it has lower 
inter-particles contacts. For specimen with vertically oriented particles, the magnitudes of contact normal and 
contact normal force are greater than the two others but it has lower coordination number. This means that the 
magnitude of anisotropies have more important effect on the macro behavior of granular assembly. 
 
 
Fig.9. Evolution of coordination number during horizontal strain 
5. Conclusion 
In this study, the effect of initial elliptical particles orientation on macro and micromechanical behavior of 
granular materials in the direct shear test was investigated using DEM numerical simulations. 
In the assemblies with the same preparation method and packing fraction, assembly with vertically oriented 
particles shows higher strength. The specimen with horizontally oriented particles shows slightly less dilation than 
the others. There are noticeable differences between magnitudes of contact normal and contact normal force 
anisotropy in samples with different bedding angles, but for magnitude of contact shear force anisotropy, all 
specimens show the same magnitude. For orientation of anisotropies, in all specimens, they have same trend but the 
difference between these orientations during shear deformation is noticeable. The results show that in specimens 
with different initial bedding angle; the principal direction of anisotropies depends on the initial orientation of 
particles.  
For specimen with ellipse particle perpendicular to horizontal axis, the coordination number is smaller than the 
two others, and it is because the magnitude of anisotropy in perpendicular specimen is greater than the two others.  
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